AFRL-ML-WP-TP-2007-562 


EFFECTS  OF  CONJUGATION  IN  LENGTH  AND 
DIMENSION  ON  SPECTROSCOPIC  PROPERTIES  OF 
FLUORENE-BASED  CHROMOPHORES  FROM 
EXPERIMENT  AND  THEORY  (POSTPRINT) 


Loon-Seng  Tan,  Paul  A.  Fleitz,  and  Ruth  Pachter 

Hardened  Materials  Branch 
Survivability  and  Sensor  Materials  Division 


JULY  2006 


Approved  for  public  release;  distribution  unlimited. 

See  additional  restrictions  described  on  inside  pages 


STINFO  COPY 


©  2006  American  Chemical  Society 


AIR  FORCE  RESEARCH  LABORATORY 
MATERIALS  AND  MANUFACTURING  DIRECTORATE 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OH  45433-7750 
AIR  FORCE  MATERIEL  COMMAND 
UNITED  STATES  AIR  FORCE 


NOTICE  AND  SIGNATURE  PAGE 


Using  Government  drawings,  specifications,  or  other  data  included  in  this  document  for  any 
purpose  other  than  Government  procurement  does  not  in  any  way  obligate  the  U.S.  Government. 
The  fact  that  the  Government  fonnulated  or  supplied  the  drawings,  specifications,  or  other  data 
does  not  license  the  holder  or  any  other  person  or  corporation;  or  convey  any  rights  or 
pennission  to  manufacture,  use,  or  sell  any  patented  invention  that  may  relate  to  them. 

This  report  was  cleared  for  public  release  by  the  Air  Force  Research  Laboratory  Wright  Site 
(AFRL/WS)  Public  Affairs  Office  and  is  available  to  the  general  public,  including  foreign 
nationals.  Copies  may  be  obtained  from  the  Defense  Technical  Infonnation  Center  (DTIC) 
(http://www.dtic.mil). 


AFRL-ML- WP-TP-2007-5  62  HAS  BEEN  REVIEWED  AND  IS  APPROVED  FOR  PUBLICATION  IN 
ACCORDANCE  WITH  ASSIGNED  DISTRIBUTION  STATEMENT. 


*//Signature// _ 

PAUL  A.  FLEITZ,  Ph.D. 
Program  Manager 
Advanced  Development 
Hardened  Materials  Branch 


//Signature// _ 

MARK  S.  FORTE,  Acting  Chief 
Hardened  Materials  Branch 
Survivability  and  Sensor  Materials  Division 


//Signature// 

TIM  J.  SCHUMACHER,  Chief 
Survivability  and  Sensor  Materials  Division 


This  report  is  published  in  the  interest  of  scientific  and  technical  information  exchange,  and  its 
publication  does  not  constitute  the  Government’s  approval  or  disapproval  of  its  ideas  or  findings. 


*Disseminated  copies  will  show  “//Signature//”  stamped  or  typed  above  the  signature  blocks. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  searching  existing  data 
sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of 
information,  including  suggestions  for  reducing  this  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson 
Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a 
collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


2.  REPORT  TYPE 

Journal  Article  Postprint 


1.  REPORT  DATE  (DD-MM-YY) 

July  2006 


4.  TITLE  AND  SUBTITLE 

EFFECTS  OF  CONJUGATION  IN  LENGTH  AND  DIMENSION  ON 
SPECTROSCOPIC  PROPERTIES  OF  FLUORENE-BASED  CHROMOPHORES 
FROM  EXPERIMENT  AND  THEORY  (POSTPRINT) 


6.  AUTHOR(S) 

Kiet  A.  Nguyen  and  Joy  E.  Rogers  (UES,  Inc.) 

Loon-Seng  Tan,  Paul  A.  Fleitz,  and  Ruth  Pachter  (AFRL/MLPJ) 

Jonathan  E.  Slagle  (AT&T  Government  Solutions) 

Paul  N.  Day  (General  Dynamics  Information  Technology,  Inc.,  formerly  Anteon) 
Ramamurthi  Kannan  (Systran  Systems  Corporation) 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 


3.  DATES  COVERED  (From  -  To) 


UES,  Inc. 

4401  Dayton-Xenia  Road 
Dayton,  OH  45432 


AT&T  Government  Solutions 
Dayton,  OH  45324 


5a.  CONTRACT  NUMBER 

In-house 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

62102F 

5d.  PROJECT  NUMBER 

4348 _ 

5e.  TASK  NUMBER 

RG 


5f.  WORK  UNIT  NUMBER 

M08R1000 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

AFRL-ML-WP-TP-2007-562 


General  Dynamics  Information 

Hardened  Materials  Branch  (AFRL/MLPJ)  Technology,  Inc. 

Survivability  and  Sensor  Materials  Division  5100  Springfield  Pike,  Suite  509 

Materials  and  Manufacturing  Directorate  Dayton,  OH  4543 1-1264 

Wright-Patterson  Air  Force  Base,  OH  45433-7750  "  "  """  "7 

.  .  °  ,  , ,  ..  ,  .  .  •  p  Systran  Systems  Corporation 

Air  Force  Materiel  Command,  United  States  Air  Force 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Laboratory 
Materials  and  Manufacturing  Directorate 
Wright-Patterson  Air  Force  Base,  OH  45433-7750 
Air  Force  Materiel  Command 
United  States  Air  Force 


Systran  Systems  Corporation 


10.  SPONSORING/MONITORING 
AGENCY  ACRONYM(S) 

AFRL/MLPJ 

11.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER(S) 

AFRL-ML-WP-TP-2007-562 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited. 


13.  SUPPLEMENTARY  NOTES 

Journal  article  published  in  J.  Phys.  Chem.  A,  Vol.  110,  2006.  ©  2006  American  Chemical  Society.  The  U.S.  Government  is  joint  author 
of  this  work  and  has  the  right  to  use,  modify,  reproduce,  release,  perform,  display,  or  disclose  the  work. 

PAO  Case  Number:  AFRL/WS  06-1714,  1 1  Jul  2006.  Paper  contains  color. 


14.  ABSTRACT 

A  series  of  one-photon  absorption  spectra  for  fluorene-based  donor-^-acceptor  molecules  is  presented  and  spectroscopically  assigned, 
based  upon  the  results  obtained  from  time-dependent  density  functional  theory.  The  computed  excitation  energies  were  generally  shown 
to  be  in  good  agreement  with  experiment,  particularly  when  compared  to  results  from  measurements  carried  out  in  a  nonpolar  solvent, 
which  were  available  for  some  molecules.  The  computed  oscillator  strengths  may  resolve  discordant  experimental  values  in  some  cases, 
for  example,  for  AF-380,  AF-270,  and  AF-295.  However,  a  quantitative  comparison  between  computed  and  observed  oscillator  strengths 
is  complicated  by  band  overlapping.  Thus,  the  computed  extinction  coefficients  obtained  by  summing  over  the  Gaussian  bands  are  useful 
in  such  cases. 

15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

a.  REPORT 

Unclassified 

b.  ABSTRACT 

Unclassified 

c.  THIS  PAGE 

Unclassified 

17.  LIMITATION 
OF  ABSTRACT: 

SAR 


18.  NUMBER 
OF  PAGES 

18 


19a.  NAME  OF  RESPONSIBLE  PERSON  (Monitor) 
Paul  A.  Fleitz 

19b.  TELEPHONE  NUMBER  (Include  Area  Code) 
N/A 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39-18 


13172 


J.  Phys.  Chem.  A  2006,  110,  13172-13182 


Effects  of  Conjugation  in  Length  and  Dimension  on  Spectroscopic  Properties  of 
Fluorene-Based  Chromophores  from  Experiment  and  Theory 

Kiet  A.  Nguyen, *>*>*  Joy  E.  Rogers,*’1 * * * 5^  Jonathan  E.  Slagle, +  §  Paul  N.  Day,tJI 
Ramamurthi  Kannan,  -  Loon-Seng  Tan,*’  Paul  A.  Fleitz,  and  Ruth  Pachter*’ 

Materials  and  Manufacturing  Directorate,  Air  Force  Research  Laboratory, 

Wright  Patterson  Air  Force  Base,  Ohio  45433 

Received:  July  6,  2006;  In  Final  Form:  September  12,  2006 


A  series  of  one-photon  absorption  spectra  for  fluorene -based  donor— 7r-acceptor  molecules  is  presented  and 
spectroscopically  assigned,  based  upon  the  results  obtained  from  time-dependent  density  functional  theory. 
The  computed  excitation  energies  were  generally  shown  to  be  in  good  agreement  with  experiment,  particularly 
when  compared  to  results  from  measurements  carried  out  in  a  nonpolar  solvent,  which  were  available  for 
some  molecules.  The  computed  oscillator  strengths  may  resolve  discordant  experimental  values  in  some  cases, 
for  example,  for  AF-380,  AF-270,  and  AF-295.  Flowever,  a  quantitative  comparison  between  computed  and 
observed  oscillator  strengths  is  complicated  by  band  overlapping.  Thus,  the  computed  extinction  coefficients 
obtained  by  summing  over  the  Gaussian  bands  are  useful  in  such  cases. 


Introduction 

Donor— acceptor  (DA)  molecules1-5  give  rise  to  intramo¬ 
lecular  charge-transfer  (ICT)  excited  states  that  are  more  stable 
in  polar  solvents,  as  compared  to  the  less  polar  “locally  excited” 
(LE)  states.  Nonlinear  photophysical  responses  (e.g.,  from  two- 
photon  absorption)  of  ICT  excited  states  have  a  variety  of 
potential  applications  such  as  photodynamic  therapy,6  confocal 
microscopy,7  fluorescence  imaging,8  optical  memory,  and  mi¬ 
crofabrication.9 

This  work  focuses  on  a  series  of  dialkylfluorene-based  DA 
chromophores10-15  with  varied  conjugation  length  and  dimen¬ 
sion  (Figures  1  and  2).  Starting  with  the  9,9-diethylfluorene  core 
and  2-benzothiazolyl  as  the  jr-accepting  group,  the  dipolar 
design  extends  from  diphenylamino  (AF-240)  to  triphenylamino 
(AF-270)  groups  (Figure  1).  The  quadrupolar  series  of  AF-287 
and  AF-295  extends  conjugation  length  based  on  the  amine  core 
with  two  identical  branches  based  on  AF-240  and  AF-270, 
respectively.  Another  quadrupolar  design  (Figure  2)  is  based 
on  the  D— jt— A— jr— D  concept  with  two  diphenylamino  groups 
acting  as  the  electron-donating  terminals  (AF-389).16  The  first 
octupolar  design  of  AF-38017  and  AF-35017’18  is  also  based  on 
the  amine  core  but  with  three  identical  branches  based  on  AF- 
240  and  AF-270,  respectively,  while  the  second  series  is  based 
on  the  triazine  core.  In  contrast  to  the  first  three-arm  series  of 
AF-350  and  AF-380  with  a  single  electron-rich  triarylamine 
center  and  .T-dcficient  benzothiazole  terminals,  the  second  series 
of  AF-450,  AF-455,  and  AF-457  (Figure  2)  have  the  electron 
donating  end  groups  and  jr-centers.15  The  octupolar  AF-350  has 
the  same  basic  structure  as  AF-380  but  is  similar  to  the  dipolar 
AF-270  and  the  quadrupolar  AF-295,  having  an  additional 
phenyl  ring  in  each  branch.  Thus,  these  series  based  on  AF- 
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240  are  designed  to  probe  the  effects  of  conjugation  on  spectral 
properties  upon  going  from  dipolar  (AF-270),  to  quadrupolar 
(AF-295)  and  to  octupolar  (AF-350)  arrangements.19 

The  dialkylfluorene-based  DA  chromophores  have  been 
reported  to  exhibit  strong  nonlinear  absorption  via  instantaneous 
two-photon  absorption  (TP A)15-18’20  and  excited-state  absorp¬ 
tion21,22  after  the  initial  TPA  within  the  duration  of  a  laser 
(nanosecond)  pulse.  Thus,  there  has  been  considerable  inter¬ 
op  1,19,23,24  jn  establishing  structure— property  relationships  to 
provide  strategies  for  the  design  of  this  class  of  materials  with 
a  suitable  OPA  and  TPA  optical  response  for  applications. 
Except  for  AF-287,  each  compound  has  been  studied  at  least 
once  in  the  literature.  However,  a  systematic  treatment  of  these 
families  of  chromophores,  shown  in  Figures  1  and  2,  has  not 
been  carried  out.  Theoretically,  these  chromophores  are  presently 
uncharacterized,  except  for  AF-240.24-26  In  this  study,  calcula¬ 
tions  using  time-dependent  density  functional  theory  (TDDFT)27 
are  carried  out  to  interpret  and  assign  the  observed  spectra  and 
to  shed  light  on  the  origin  of  OPA  and  TPA  spectral  shifts.  A 
detailed  comparison  between  computed  and  experimental  results 
from  OPA  spectra  are  carried  out  to  assess  the  accuracy  that 
can  be  achieved  with  the  computational  methods.  In  addition, 
computed  results  for  a  new  three-branched  chromophore  AF- 
459-2,  which  was  subsequently  synthesized,  are  presented  and 
compared  with  the  corresponding  experimental  data. 

Computational  Methods 

Electronic  Structure.  Although  TDDFT  has  become  a  useful 
and  widespread  tool  in  predicting  excitation  energies  and 
oscillator  strengths,  an  underestimation  of  the  excitation  energies 
of  ICT  states  has  been  reported  for  functionals  with  incorrect 
long-range  behavior.28  Hybrid  functionals  with  a  fraction  (0.2 — 
28)  of  the  correct  Hartree— Fock  long-range  exchange  potential 
lead  to  an  amelioration.  For  example,  Becke’s  three-parameter 
hybrid  exhange-correlation  functional29-31  (B3LYP)  excitation 
energies  and  oscillator  strengths  do  compare  favorably  with 
experimental  data  for  some  small  DA  systems.32  Excellent 
results  were  obtained  for  ICT  excited  state  energies  of  a  number 
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Figure  1.  Structures  of  dipolar,  quadrupolar,  and  octupolar  chromophores. 

of  small  7-aminocoumarin  derivatives  using  B3LYP  and  the 
hybrid  functional  of  Perdew,  Burke,  and  Ernzerhof  (PBEO).33’34 
For  dipolar  diphenylaminofluorene-based  chromophores,  the 
PBEO  excitation  energies  were  found  to  be  in  better  agreement 
with  experiment,  with  a  mean  absolute  error  (MAE)  of  0.14 
eV  using  the  6-31G(d)  basis  set.25  The  importance  of  the  long- 
range  corrected  (LC)  functionals  to  account  for  charge-transfer 
excitations  has  been  recognized  and  is  being  addressed,  for 
example,  by  Tawada  et  al.,35  Yanai  et  al.,  36  and  others.37’38 

The  computed  excitation  energies  tabulated  in  Tables  1  and 
2  were  carried  out  with  the  PBEO  functional  using  TDDFT39-42 
as  implemented  in  the  Gaussian  0343  programs.  The  TDDFT 
calculations  were  carried  out  at  the  B3LYP/6-31G*  optimized 
structures,  using  the  same  basis  set  as  used  in  the  ground-state 
DFT  calculations,  since  the  basis  effects  were  found  to  be  rather 
small  (see  Table  1).  Note  also  that  eliminating  the  set  of  d 
polarization  functions  from  each  of  the  carbon  atoms  does  not 
significantly  affect  the  excitation  energy  and  oscillator  strength. 

To  gauge  the  effects  of  solvent,  we  applied  the  polarizable 
continuum  model44-45  (PCM)  in  conjunction  with  TDDFT  (using 
a  static  dielectric  of  7.58  and  an  optical-frequency  dielectric 
constant  of  1.971)  to  compute  excitation  energies  and  oscillator 
strengths  for  AF-240  in  THF  solution.  The  solute  is  placed  in 
a  cavity  formed  by  a  union  of  spheres  centered  on  each  atom 
according  to  the  united  atom  topological  model  (UAO)  and 
empirical  solvent  radii  of  2.56  A  for  TFIF.  The  ground-  and 
excited-state  dipoles  are  computed  using  the  finite  field  method 
with  an  applied  field  of  ±0.0001  au.  The  3D  molecular  orbitals 
were  generated  by  using  the  GAMES  S  program46  and  its  graphic 
package.47 

One-Photon  Intensity.  The  computed  oscillator  strength  is 
related  to  the  experimental  integrated  intensity  by 

/o/=  4.32  x  10-9  J"  e(v)  dv  (1) 


where  the  extinction  coefficient  e  and  frequency  v  are  in  units 
of  L'mol_1,cm_1  and  cm-1,  respectively.  Since  the  integration 
limits  in  eq  1  are  generally  not  known,  a  single  Gaussian 
function  was  used  to  represent  an  experimental  spectral  band 
that  gives  rise  to  an  approximate  measure  of  the  corresponding 
band  intensity: 

/o/=4.32  x  10  9emax  J  exp 

4.32  x  10~Vjr.  „ 

r -  emaxVfwhm  O) 

2Vln  2 


— 41n  2  _  .2 

1 — 2^v  - v 9 


dv  — 


where  Pfwhm  is  the  full-width  at  (fwhm)  half-maximum  (6max/2) 
in  cm-1.  Thus,  the  spectral  cross  section  (in  cm2,  a{v )  =  3.83 
x  10  "  21  e(v))  or  extinction  coefficient  can  be  readily  obtained 
from  the  computed  oscillator  strengths: 

2Vfn2 

e(v)  = - 

4.32  x  IO’Vtt 

(3) 

provided  their  bandwidths  are  known.  The  computed  extinction 
coefficients  (eq  3)  and  experimental  oscillator  strengths  (eq  2) 
listed  in  Table  2  are  obtained  using  die.  full  bandwidth  at  half¬ 
maximum  for  Ffwhm.  The  oscillator  strength  obtained  using  f'fwhm 
as  twice  the  half  width  measured  on  the  low-energy  side  is 
comparable  to  the  corresponding  value  using  the  full  bandwidth 
for  a  somewhat  symmetric  OPA  band  of  AF-240.  This  is  not 
true  for  other  chromophores  due  to  the  band  overlapping.  In 
the  case  of  integration  over  only  the  Si  absorption  band  that  is 
well  isolated  from  higher-energy  bands,  the  upper  limit  in  eq  1 
can  be  approximated  by  the  frequency  of  the  minimum  intensity 
between  Si  and  Sn  bands.  Using  Gauss— Chebyshev  integra¬ 
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Figure  2.  AF-389  (R  =  decyl),  AF-450  (R  =  decyl),  AF-457  (R  = 
prop-2-enyl),  (AF-455,  R  =  3.7-dimethyoctyl),  and  AF-459-2  (R  = 
ethyl). 


TABLE  1:  Computed  OPA  Results  for  the  PBEO  (r— c) 
Functional  with  Different  Basis  Sets 


PBE0/6-3 1 1 +G(d,p) 

PBE0/6-31G(d) 

molecule 

energy 

/ 

energy 

/ 

AF-240 

2‘A 

2.99 

1.00 

3.05 

0.99 

3  A 

3.65 

0.01 

3.90 

0.01 

4‘A 

3.89 

0.49 

3.96 

0.55 

51  A 

3.94 

0.18 

4.14 

0.20 

6‘A 

4.04 

0.02 

4.19 

0.04 

PBE0/6-31G(d) 

PBE0/6-31G 

molecule 

energy 

/ 

energy 

/ 

AF-457 

1  'E 

2.90 

1.22 

2.84 

1.15 

2‘A 

3.04 

0.00 

2.96 

0.00 

3‘A 

3.07 

0.00 

2.99 

0.00 

tion48  with  this  frequency  limit  for  AF-459-2  leads  to/oi  of  3.22. 
This  is  well  approximated  by  a  Gaussian  line  shape  with 
/oi  =  3.33.  Thus,  all  experimental  oscillator  strengths  are 
computed  using  eq  2,  unless  mentioned  otherwise.  The  com¬ 
puted  oscillator  strengths  for  doubly  degenerate  excited  states 
are  multiplied  by  a  degeneracy  factor  of  2  for  direct  comparison 
with  experiment. 

Experimental  Methods 

Synthesis  of  AF-240,  AF-287,  AF-380;  AF-270,  AF-295, 
AF-389;  AF-450,  AF-455,  AF-457;  and  AF-459-2.  AF-24014 
as  well  as  AF-450,  AF-455,  and  AF-45715  were  prepared 


according  to  the  procedures  that  were  previously  described.  AF- 
287  was  synthesized  by  the  palladium-catalyzed  double  ami- 
nation  of  aniline  with  2-(7-bromo-9,9-diethylfluoren-2-yl)- 
benzothiazole  (abbreviated  as  BT-Fl(Et2)-Br).  The  latter  is  also 
a  key  intermediate  used  in  the  preparations  of  AF-240,  AF- 
270,  AF-295,  and  AF-350.  Thus,  the  reaction  of  BT-Fl(Et2)-Br 
in  the  presence  of  a  palladium  catalyst  with  a  Stille  reagent 
generated  from  4-bromotriphenylamine,  n-butyllithium,  and  tri- 
;7-butylstannyl  chloride  led  eventually  to  AF-270.  Similarly,  AF- 
295  was  prepared  from  the  Pd-catalyzed,  double  animation  of 
4,4'-dibromotriphenylamine  and  a  Suzuki  reagent  generated 
from  BT-Fl(Et2)-Br,  n-butyllithium  and  triisopropylborate.  AF- 
350  was  obtained  from  the  same  Suzuki  reagent  and  4-(7- 
benzothiazol-2-yl-9,9-diethylfluoren-2-yl)phenyl]bis(4-bromophe- 
nyl)amine,  which  was  prepared  via  a  regiospecific  bromination 
of  two  unsubstituted  para  positions  of  the  triphenylamino  end 
of  AF-270  with  A-bromosuccinamide  in  A,A-dimethylforamide 
(DMF).  Finally,  AF-380  was  prepared  from  a  copper-catalyzed, 
Ullmann  amination  reaction  of  2-(7-amino-9,9-diethylfluoren- 
2-yl)benzothiazole  with  2  equiv  of  2-(7-iodo-9,9-diethylfluoren- 
2-yl)benzothiazole.  The  latter  was  prepared  in  two  steps  from 
7-bromo-9,9-diethylfluorene-2-carboxaldehyde14  via  (a)  nickel- 
catalyzed  iodo-bromo  exchange  reaction  and  (b)  condensation 
of  the  resulting  iodo-aldehyde  precursor  with  2-aminothiophenol 
in  dimethyl  sulfoxide  (DMSO). 

The  new  triazine-containing  AF-459-2  was  made  by  cyclo- 
trimerization  of  the  7-(2-benzothiazolyl)-9,9-diethylfluorene-2- 
carbonitrile  precursor  in  trifluoromethanesulfonic  acid.  The 
nitrile  was  obtained  from  the  corresponding  bromofluorene  (BT- 
Fl(Et2)-Br)  by  the  reaction  with  copper®  cyanide. 

7-(2-Benzothiazolyl)-9,9-diethylfluorene-2-carbonitrile.  A 

mixture  of  2-(7-bromo-9,9-diethylfluoren-2-yl)benzothiazole 
(8.68  g,  0.02  mol),  copper®  cyanide  (Aldrich,  2.25  g,  0.025 
mol),  and  A-methyl-2-pyrrolidinone  (38  mL)  was  kept  under 
reflux  for  2  h,  cooled,  and  poured  into  a  mixture  of  ice  (1 10  g) 
and  28%  ammonium  hydroxide  (110  mL).  The  mixture  was 
stirred  for  1  h  and  filtered.  The  solids  were  washed  with  dilute 
ammonium  hydroxide  and  then  with  water  to  get  the  crude 
product,  7.64  g.  This  crude  product  was  purified  by  chroma¬ 
tography  over  silica  gel,  elution  of  the  column  with  toluene, 
and  recrystallization  from  a  mixture  of  toluene  and  heptane, 
6.60  g  (87%  yield),  mp  199—200  °C.  MS  mlz  (relative 
intensity):  380  (M+).  Anal.  Calcd  for  C25H20N2S:  C,  78.91; 

H,  5.30;  N,  7.36;  S,  8.43%.  Found:  C,  78.95;  H,  5.51;  N,  7.42; 
S,  8.35%.  ‘H  NMR  (CDCI3,  <5):  0.31-0.36  (t,  6H),  2.06-2.22 
(m,  4H),  7.26-7.54  (m,  2H),  7.64-7.67  (m,  2H),  7.90-7.93- 
(1H),  8.05-8.18  (m,  3H).  13C  NMR  (CDC13,  d);  8.45,  32.48, 
56.93  (sp3C),  110.8,  119.5,  120.8,  121.3,  121.6,  121.7,  123.2, 

125.4,  126.6,  127.5,  131.5,  134.1,  135.0,  142.3,  145.0,  151.3, 

151.5,  154.2,  167.8  (sp2  and  sp  C). 

2,4,6-Tri-[7-(benzothiazol-2-yl)-9,9-diethylfluoren-2-yl]tri- 
azine,  AF-459-2.  Trifluoromethanesulfonic  acid  (Lancaster,  5 
mL)  was  cooled  with  stirring  in  an  ice-salt  bath.  7-(2- 
Benzothiazolyl)-9,  9-diethylfluorene-2-carbonitrile  (1  g)  was 
added  in  several  portions,  and  the  mixture  was  stirred  for  24  h, 
allowing  it  to  warm  to  room  temperature.  The  mixture  was  then 
poured  into  a  mixture  of  ice  and  water  to  get  a  yellow  slurry 
that  became  colorless  on  addition  of  ammonium  hydroxide.  This 
was  filtered  and  washed  with  water  to  get  the  crude  product, 

I. 06  g,  mp  171  —  178  °C.  Column  chromatography  of  the  crude 
product  over  silica  gel  and  elution  with  toluene  gave  first  some 
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TABLE  2:  TD-PBE0/6-31G(d)  Excitation  Energies  (in  eV,  values  in  parentheses  are  energies  at  emax),  Oscillator  Strengths  (/), 
and  emax  (in  L-mol  '-cm  ')  Compared  with  Other  Calculations  and  with  Experimental  Results 


molecule 

theory 

experiment 

ref 

molecule 

theory 

experiment 

solvent 

ref 

energy  /(e™,*) 

energy 

/(e,„ax)  solvent 

energy 

/(<W> 

energy 

/(<*««) 

AF-240' 

AF-240' 

2'A 

3.05  (3.06)  0.99  (5.87x  104) 

3.17 

0.76  (4.44  x  104)  THF 

this  work 

4‘A 

3.96  (4.02)  0.55  (2.56  x  104) 

4.07 

0.75  (2.48  x  104) 

THF 

this  work 

3.08 

hexane 

50 

4.04 

hexane 

50 

3.15 

0.57  (4.54  x  I04)b  THF 

52 

3.91 

THF 

52 

3.15 

0.77  (4.82  x  lO4)*  toluene  52 

3. 99' 

(2.49  x  104)* 

THF 

14 

3.17‘ 

0.75  (4.34  x  lO4)*  THF 

14 

5'A 

4.14 

0.20 

3>A 

3.90  0.01 

6'A 

4.19 

0.06 

AF-287 

AF-287 

2'A 

2.86  (2.92)  1.39  (7.35  x  104) 

2.97 

1.57(7.09  x  104)  THF 

this  work 

5'A 

3.80 

0.01 

2.95 

hexane 

50 

6‘A 

3.88  (3.87)  0.87  (4.56  x  104) 

3.97 

3.64  x  104 

THF 

this  work 

3‘A 

3.14  0.36 

— 3.2C 

THF 

this  work 

3.97 

hexane 

50 

3.08c 

hexane 

50 

7‘A 

4.10 

0.04 

4'A 

3.78  0.41 

— 3.8C 

THF 

this  work 

AF-380 

AF-380 

l'E 

2.83  (2.83)  2.43  (1.61  x  10s) 

2.90 

1.90  (1.24  x  105)  THF 

this  work 

3*A 

3.73 

0.00 

2.916 

3.70  (2.43  x  lO5)'  THF 

17 

4*A 

3.76 

0.91 

2.89 

hexane 

50 

5'A 

3.76(3.76)  0.91  (6.39  x  104) 

3.87 

1.71  (6.02  x  104) 

THF 

this  work 

2.90b 

0.18  (1.16  x  104)''  THF 

9 

3.84* 

3.33  (1.17  x  lOy 

THF 

17 

2.87'' 

-0.15  (1.14  x  lOV  THF 

51 

3.87" 

0.17  (5.60  x  lOy  THF 

9 

2'A 

3.22  0.02 

3.05 

hexane 

50 

AF-389' 

AF-389' 

l'Au 

2.59(2.60)  2.36  (1.34  x  10s) 

2.84 

1.73(9.78  x  10*)  THF 

this  work 

4'Ag 

3.88 

2.84* 

1.75(9.82  x  104)6  THF 

16 

5‘Ag 

4.10 

2'Ag 

2.91 

2.90'’ 

THF 

16 

6‘Au 

4.11  (3.75)  0.38  (2.63x  104) 

4.03 

(3.91  x  104) 

THF 

this  work 

2>Au 

3.41  0.43 

4.03* 

(4.45  x  104)6 

THF 

16 

3‘Ag 

3.45 

6‘Ag 

4.11 

3‘Au 

3.65  0.25 

7‘Au 

4.18 

0.07 

4'Au 

3.88  0.02 

7‘Ag 

4.19 

AF-270 

AF-270 

2'A 

3.05  (3.11)  1.02(5.45  x  104) 

3.29 

1.31  (6.07  x  104)  THF 

this  work 

4‘A 

3.94 

0.17 

3. 30' 

2.33  (1.53  x  lOY  THF 

17 

5‘A 

3.99 

0.01 

3‘A 

3.67  (3.72)  0.94  (4.07  x  104) 

4.08 

(3.12  x  104)  THF 

this  work 

6'A 

4.17 

0.22 

AF-295 

AF-295 

2'A 

2.94(3.00)  1.63  (1.19  x  10s) 

3.21 

2.79(1.02  x  105)  THF 

this  work 

6'A 

3.86 

0.06 

3.25 

5.23  (1.90  x  105)  THF 

17 

7'A 

3.92 

0.02 

3 ‘A 

3.11  0.34 

8‘A 

3.95 

0.04 

4'A 

3.61  0.52 

9*A 

3.98 

0.19 

5 'A 

3.63  (3.62)  1.47  (8.65  x  104) 

-3.5 

(6.8  x  104)  THF 

this  work 

AF-350 

AF-350 

l'E 

2.93  (2.96)  2.93  (1.90  x  10s) 

3.15 

2.39''  (1.52  x  105)  THF 

this  work 

3'A 

3.58 

1.56 

3.18 

4.18rf  (2.63  x  105)  THF 

17 

4‘A 

3.58  (3.58) 

1.56(1.06  x  105) 

3.56 

(9.00  x  104) 

THF 

this  work 

3.15 

2.27'' (1.56  x  105)  THF 

52 

3.55 

THF 

17 

3.15 

2. 13^  (1 .45  x  105)  toluene  52 

3.54 

THF 

52 

3.14 

3.9P  (2.66  x  105)  THF 

18 

3.54 

toluene  52 

2‘A 

3.15  0.00 

AF-457' 

AF-457' 

l'E 

2.90(2.91)  2.44  (1.46x  105) 

2.99 

1.96(1.18  x  105)  THF 

this  work 

2'A 

3.04 

0.00 

2.99 

2.87  (1.68  x  105y  THF 

15 

2'E 

3.07 

0.01 

AF-45(F 

AF-450* 

l'E 

2.91  (2.92)  2.49(1.49  x  10s) 

2.98 

1.88(1.15  x  10s)  THF 

this  work 

2*A 

3.05 

0.00 

2.98 

2.21(1.32  x  loy  THF 

15 

2‘E 

3.08 

0.00 

AF-459-2 

AF-459-2 

l'E' 

3.23  (3.23)  4.60  (3.35  x  10s) 

3.20 

3.33  (2.46  x  105)  THF 

this  work 

3'A' 

3.83 

2'A' 

3.38 

3‘E' 

3.84  (3.84)  0.56  (4.23  x  104) 

3.88 

(4.14  x  104) 

THF 

this  work 

2'E' 

3.45  0.00 

4‘E' 

4.01 

0.04 

°  Energy  and  oscillator  strength  (/)  for  AF-240:  2.90  (1.10),  3.87  (0.610),  3.96(0.02),  4.11(0.26),  4.12(0.08)  from  TD-PCM-PBE0/6-31G(d)// 
PCM-B3LYP/6-31G(d)  with  THF  as  the  solvent;  3.57  (1.42),  4.35  (0.02),  4.43  (0.09),  4.56  (0.25)  4.66  (0.01)  from  TD-CAMB3LYP/6-31G(d)// 
B3LYP/6-31G(d);  3.58,  4.36,  4.42,  4.55  from  TD-CAMB3LYP/6-31G(d)//B3LYP/6-31G(d);26  2.86  (0.907)  from  TD-B3LYP/6-31G(d,p)//B3LYP/ 
6-31G(d,p).24  '’Data  have  been  obtained  by  digitization  from  spectrum  in  cited  reference.  c  Shoulder.  d  Oscillator  strength  evaluated  using  twice 
the  half-width  measured  on  the  low-energy  side.  e  Computed  with  R  =  ethyl. ■'  Computed  6-3 1G  energy  and  oscillator  strength  (/):  2.84  (2.30), 
2.96  (0.00),  2.99  (0.01),  3.02  (0.00),  3.77  (0.91),  3.77  (0.00),  3.94  (0.00).  *  Computed  with  R  =  propyl.  Computed  6-31G  energy  and  oscillator 
strength  (/):  2.85  (2.36),  3.04  (0.00),  3.07  (0.01). 


starting  nitrile  (0.12  g)  and  then  the  triazine  product  (0.5  g). 
This  was  recrystallized  from  a  mixture  of  toluene  and  heptane, 
0.48  g  (48%  yield),  mp  224—227  °C.  MS  mlz  (relative  intensity) 
1 140  (M+).  Anal.  Calcd  for  C75H6oN6S3:  C,  78.91;  H,  5.30;  N, 
7.36;  S,  8.43%.  Found:  C,  78.52;  H,  5.50;  N,  7.66;  S,  8.35%. 
‘H  NMR  (CF3COOD,  d):  0.10  (t,  18H),  2.17  (m  12H),  7.59- 
7.69  (m,  6H),  7.85-7.99  (m,  6H),  8.02-8.13  (m,  12H),  8.57- 
8.66  (m,  6H).  13C  NMR  (6):  9.58,  34.88,  60.57  (sp3C),  119.91, 


125.12,  125.35,  125.69,  125.98,  127.94,  128.14,  131.09,  132.00, 
132.08,  133.00,  133.38,  133.53,  142.99,  150.33,  150.82,  155.95, 
157.20,  171.42,  177.07  (sp2C). 

Spectroscopy.  Ground-state  UV/Vis  absorption  spectra  were 
measured  on  a  Cary  500  spectrophotometer.  All  data  was 
measured  in  THF  at  room  temperature  in  1  cm  cuvettes,  by 
preparing  three  independent  stock  solutions  of  each  and  varying 
the  concentration  accordingly. 
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Figure  3.  Experimental  (in  THF;  a)  and  computed  (b)  OPA  spectra 
of  AF-240  (dashed,  fwhm  =  0.46  eV  for  Si,  fwhm  =  0.81  eV  for  S2~ 
S„),  AF-287  (solid,  fwhm  =  0.60  for  Si-S2,  fwhm  =  0.81  eV  for  S3- 
S„),  AF-380  (bold,  fwhm  =  0.41  eV  for  S,  — S2,  fwhm  =  0.77  eV  for 
S3-Sn). 


Results 

AF-240,  AF-287,  and  AF-380.  The  OPA  and  TPA  spectral 
interpretation  of  AF-240  and  other  dipolar  AF-X  molecules  has 
been  given  in  previous  studies.25,26  Therefore,  we  briefly  review 
the  AF-240  spectrum  (Figure  3)  and  then  discuss  the  conjugation 
and  multibranching  effects  upon  the  spectra.  Experimentally, 
the  OPA  spectrum  of  AF-240  taken  in  THF  has  two  broad 
bands.  In  hexane,  the  low-energy  band  splits  into  two  peaks 
located  at  3.08  eV  (Table  2)  and  3.22  eV.  The  latter  was 
assigned  to  a  vibronic  progression.  These  bands  are  overlapped 
in  THF,  which  causes  a  blue-shift  in  the  maximum  (to  3.17 
eV,  /=  0.76)  instead  of  the  normal  red-shift  typically  observed 
for  an  ICT  band  in  a  polar  solvent.  The  ICT  band  arises  largely 
from  the  HOMO  to  LIJMO  one-electron  transition  (see  Figure 
4),  with  the  predicted  energy  of  3.05  eV  and  oscillator  strength 
of  about  1.  It  is  worthwhile  to  note  that  the  corresponding 
CAMB3LYP  excitation  energy  is  3.57  eV  (/  =  1.42),  in 


agreement  with  the  computed  (at  the  B3LYP/6-31G  geometry) 
value  of  3.58  eV  reported  by  Rudberg  et  al.26  The  CAMB3LYP 
results  and  discussion  for  molecules  in  Tables  1  and  2,  obtained 
with  the  Dalton  program,49  are  included  in  Table  IS  of  the 
Supporting  Information.  For  AF-240,  CAMB3LYP  overesti¬ 
mates  the  excitation  energy  and  oscillator  strength  for  the  first 
ICT  transition  of  AF-240  by  a  significant  amount,  even  after 
accounting  for  the  effects  of  solvents  (see  below)  and  the  effects 
of  diffuse  functions  with  the  triple-^  basis  set  (Table  1).  While 
the  predicted  PBE0  excitation  energy  is  in  excellent  agreement 
with  the  experimental  value  of  3.08  eV  in  hexane,  the  corre¬ 
sponding  oscillator  strength  and  emax  appear  to  be  overestimated 
as  compared  to  values  obtained  in  toluene  and  THF.  The 
TDDFT  excitation  energy  with  the  PCM  model  is  slightly  (0.15 
eV)  red-shifted  in  THF  while  the  corresponding  oscillator 
strength  is  slightly  (0.1)  increased.  The  next  band  is  broad  and 
featureless  in  both  THF  and  hexane.  There  are  several  electronic 
transitions  that  may  contribute  to  this  broad  band  located  at 
about  4  eV  (see  Table  2).  The  computed  transition  at  3.96  eV 
with  an  oscillator  strength  of  0.55  is  predicted  to  have  a 
dominant  contribution  to  the  intensity  of  this  high-energy  band. 
The  total  computed  oscillator  strength  of  0.8  for  the  four 
transitions  in  the  region  is  in  good  agreement  with  the 
experimental  values  of  0.6— 0.8  obtained  in  THF. 

Spectra  of  AF-287,  a  two-branched  version  of  AF-240,  taken 
in  hexane  and  THF  reveal  the  first  bands  at  2.95  and  2.97  eV, 
respectively.  Thus,  the  double  branching  of  AF240  produces  a 
red-shift  of  0.13  eV  for  the  first  excited  state.  This  is  slightly 
smaller  than  the  computed  red-shift  of  0.19  eV  (Table  2).  Note 
that  the  LUMO-LUMO+1  gap  (see  Figure  4)  in  the  two- 
branched  system  is  much  smaller  than  the  corresponding  gap 
in  the  AF-240  DA  complex.  Thus,  the  S2  (3.14  eV)  excitation 
energy  of  AF-287  is  predicted  to  arise  from  the  HOMO  — * 
LUMO+1  one-electron  transition  at  slightly  higher  than  that 
of  Si  (2.86  eV).  This  is  consistent  with  the  experimental  band 
at  3.08  eV  observed  in  hexane  and  a  shoulder  at  ~3.2  in  THF. 
The  predicted  total  oscillator  strengths  of  the  two  transitions  of 
1.8  is  in  good  agreement  with  the  experimental  value  of  1.6 
obtained  by  integrating  the  full  band  envelope  over  the  low- 
and  high-energy  sides.  Note  that  the  oscillator  strength  estimated 
by  using  only  the  lower  (energy)  half  of  the  band  envelope  is 
reduced  by  a  factor  of  2  due  to  band  overlapping.  Although  the 
observed  band  overlapping  prevents  us  from  extracting  accurate 
oscillator  strengths  for  the  individual  bands  without  extensive 
deconvolution,  it  appears  to  confirm  the  presence  of  two 
transitions  predicted  by  TDDFT.  In  hexane,  the  next  well- 
resolved  peak  appears  at  3.28  eV.  This  band,  not  observed  in 
THF,  appears  to  be  vibronic  in  nature.  The  higher  energy  region 
of  the  spectrum  has  a  broad  band  with  its  maximum  at  3.97  eV 
and  a  shoulder  at  about  3.8  eV.  TDDFT  predicts  a  number  of 
states  in  this  region.  Two  strong  transitions  predicted  to  occur 
at  3.78  and  3.88  eV  can  account  for  the  observed  features. 

The  spectrum  of  AF-380  in  THF  (Figure  3)  has  two  broad 
peaks  located  at  2.90  and  3.87  eV.  The  first  band  has  a  shoulder 
on  the  high-energy  side,  which  is  better  resolved  in  hexane.50 
TDDFT  predicts  a  doubly  degenerate  and  intense  transition  at 
2.83  eV  ( 1 1 E)  for  the  first  excited  state,  which  arises  from  the 
HOMO  — *  LUMO+1  one-electron  transition.  The  predicted 
excitation  energy  is  in  good  agreement  with  the  experimental 
values  (2.87—2.91  eV)  reported  for  the  first  band.  The  predicted 
oscillator  strength  of  2.4  is  in  reasonable  agreement  with  our 
experimental  value  of  1 .9,  as  approximated  using  the  full  band 
envelope  in  THF.  However,  we  found  very  large  discrepancies 
among  the  experimental  values  obtained  from  digitization  of 
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HOMO  -  I  (A,  -6.11  )  HOMO  -  1  (A,  -5.96  )  HOMO  -  1  (E,  -6.00) 

Figure  4.  Molecular  orbital  diagrams  for  AF-240,  AF-287,  and,AF-380.  Solid  arrows  denote  the  major  one-electron  excitations. 


the  previously  reported  spectra  in  the  same  solvent  (see  Table 
2).  Our  estimate  of  the  extinction  coefficients  are  larger  than 
values  reported  by  Kirkpatrick  et  al.9  and  Joshi  et  al.51  but  much 
smaller  than  the  values  reported  by  He  et  al.17  In  view  of  the 
structure  of  AF-380  with  a  three-arm  relationship  to  AF-240, 
our  estimate  of  the  extinction  coefficients  of  about  2—3  times 
that  of  AF-240  seems  reasonable.  The  extinction  coefficients 
smaller  than  the  corresponding  values  of  AF-240  appear  to  be 
disconcerted. 

The  second  excited  state  is  predicted  to  occur  at  3.22  eV 
(2'A).  Although  this  band  may  be  correlated  with  the  peak 
observed  at  3.05  eV  in  hexane,50  the  small  calculated  oscillator 
strength  (0.02)  suggests  that  the  second  observed  peak  is  largely 
vibronic  in  nature.  The  third  and  fourth  excited  states  are 
predicted  to  occur  at  3.72  and  3.76  eV.  The  latter  is  accidentally 
degenerate  with  the  fifth  excited  state.  Based  on  their  combined 
oscillator  strength  (1.8),  these  two  transitions  are  likely  to  have 
dominant  contributions  in  the  observed  strength  (1.42)  in  the 
present  work  in  THF. 

Because  of  the  C3  octupolar  arrangement,  total  dipole 
moments  of  the  ground  (0.55  D)  and  first  excited  (1.90  D)  state 
are  much  smaller  than  in  other  DA  chromophores.  Thus, 
contributions  from  the  transition  between  the  first  excited  state 
to  nearby  excited  states  are  likely  to  be  crucial  for  a  quantitative 
treatment  of  the  TPA  cross  section,  which  will  be  reported 
later. 

AF-389.  The  AF  chromophores  discussed  above  have  electron- 
accepting  (benzothiazolyl)  and  electron-donating  groups  (diphe- 
nylamine)  connected  to  a  dialkylfluorene  core.  AF-389  with  a 
thiazolothiazole  bifluorene  center  and  two  diphenylamine 


terminals  represents  a  D— ji—  A— Jt— D  structural  arrangement. 
The  two  dialkylfluorene  units  can  be  in  a  Z  or  E  conformations. 
However,  their  excitation  energies  and  oscillator  strengths  are 
found  to  be  similar  and  the  spectral  properties  of  the  E 
conformer  with  C,  symmetry  are  given  in  Table  2.  The  OPA 
spectrum  of  AF-389  taken  in  THF  has  two  absorption  peaks  at 
2.84  and  4.03  eV  (Figure  5).  The  former  has  about  twice  the 
intensity  of  the  latter.  The  low-energy  band  has  a  shoulder  at 
about  2.7  eV,  which  is  assigned  to  the  first  electronic  transition. 
The  computed  (for  the  diethyl  analog)  excitation  energy  of  2.6 
eV  is  in  good  agreement  with  the  observed  values.16  The 
predicted  oscillator  strength  of  2.4,  however,  is  significantly 
larger  than  the  experimental  values  of  1.7— 1.8  in  THF  for  the 
decyl  analogue.  The  second  excited  state  is  predicted  to  be  OPA 
“forbidden”  with  the  same  (Ag)  symmetry  as  the  ground  state. 
This  TPA  “allowed”  21  Ag  state  is  predicted  to  occur  at  2.91  eV 
and,  therefore,  absorbs  two  photons  at  1.45  eV.  This  is  consistent 
with  the  TPA  maxima  observed  at  1.45  and  1.57  eV  in  THF.16 
The  latter  TPA  maximum  is  significantly  (0.3  eV)  blue-shifted 
from  the  observed  OPA  maxium  at  2.84  eV  and,  therefore,  has 
been  speculated16  to  have  a  different  origin.  Our  preliminary 
TPA  results  show  a  large  absorption  cross-section  for  the  2:Ag 
state. 

AF-270,  AF-295,  and  AF-350.  This  series  of  chromophores 
have  the  same  electronic  rich  center  as  in  the  AF-240,  AF-287, 
and  AF-380  discussed  in  the  previous  section  but  with  an 
additional  phenyl  ring  in  each  branch.  For  the  dipolar  arrange¬ 
ment  of  AF-270,  adding  a  phenyl  ring  to  AF-240  does  not  appear 
to  induce  significant  changes  in  color  and  intensity,  as  predicted 
by  TDDFT.  Experimentally,  a  small  increase  in  energy  (0.12 
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Figure  5.  Experimental  (solid,  in  THF)  and  computed  (dashed,  fwhm 
=  0.48  eV  for  S1-S2,  fwhm  =  0.81  eV  for  S3-Sn)  OPA  spectra  of 
AF-389. 

eV)  and  a  large  increase  in  oscillator  strength  (0.55)  are  observed 
in  THF  upon  going  from  AF-240  to  AF-270.  The  large  increase 
in  oscillator  strength  can  be  attributed  to  the  asymmetry  of  the 
band  envelope  due  to  the  overlapping  with  higher  energy  bands, 
as  revealed  by  a  large  difference  between  the  fwhm  (0.58  eV) 
and  twice  the  half-width  (thw)  measured  on  the  low-energy  side 
(0.43  eV).  In  contrast,  the  absorption  band  of  AF-240  is  more 
symmetric,  with  comparable  fwhm  (0.46  eV)  and  thw  (0.41  eV) 
values.  Note  that  the  energy  of  our  experimental  spectral 
maximum  is  essentially  identical  to  the  value  reported  by  He 
et  al.17  in  the  same  solvent.  The  measured  extinction  coefficient 
is  in  good  agreement  with  the  computed  results  (see  Table  2 
and  Figure  6)  but  is  less  than  half  the  value  from  previous 
experiment.17  As  expected,  AF-270  exhibits  similar  ICT  char¬ 
acteristics  to  those  found  in  AF-240.  This  is  reflected  in  the 
similarity  of  the  electron  distribution  in  the  two  dyes  (cf.  Figures 
4  and  7). 

Similar  to  AF-287,  AF-295  (Figure  1)  is  designed  to  extend 
conjugation  length  based  on  the  triphenylamine  core  with  two 
identical  branches  based  on  AF-270.  However,  the  HOMO  and 
LUMO,  largely  localized  on  triphenylamine  and  benzothiazolyl 
rings,  are  not  significantly  delocalized;  their  energies  are  not 
significantly  shifted  with  the  added  phenyl  rings  (Figure  7).  The 
ICT  is  found  to  originate  from  the  triphenylamine  core  to  the 
benzothiazolyl  jr-accepting  groups  (Figure  7),  analogous  to  AF- 
287  (Figure  4).  The  first  excited  state  is  predicted  to  be  slightly 
(0. 1  eV)  red-shifted  upon  going  from  one  to  two  branches,  in 
good  agreement  with  experiment.  TDDFT  predicted  an  excita¬ 
tion  energy  of  2.94  eV  for  the  first  excited  state,  0.27  eV  lower 
than  the  first  spectral  maximum  (3.21  eV)  observed  in  THF. 
The  large  deviation  may  be  attributed  to  spectral  broadening 
due  to  the  convolution  of  nearby  electronic  transitions  (see  Table 
2).  Thus,  the  computed  spectral  maximum  (3.00  eV)  and  emax 
(1.19  x  105)  are  in  a  better  agreement  with  the  corresponding 
experimental  values.  However,  our  measured  emax  of  1.02  x 
105  in  THF  is  about  half  the  value  obtained  from  the  spectrum 
reported  recently.17  In  the  higher  energy  region,  electronic 
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Figure  6.  Experimental  (in  THF;  a)  and  computed  (b)  OPA  spectra 
of  AF-270  (dashed,  fwhm  =  0.46  eV  for  S1-S3,  fwhm  =  0.81  eV  for 
S4-Sn),  AF-295  (solid,  fwhm  =  0.46  eV  for  S1-S3,  fwhm  =  0.81  eV 
for  S4-Sn),  AF-350  (bold,  fwhm  =  0.46  eV  for  S1-S2,  fwhm  =  0.81 
eV  for  S3— S„)  in  THF. 


transitions  are  predicted  to  be  more  closely  spaced.  This  is 
consistent  with  a  shoulder  occurring  at  about  3.5  eV  in  the 
spectrum. 

The  octupolar  design  of  AF-350  is  also  based  on  the 
triphenylamine  core  but  with  three  identical  branches  based  on 
AF-270,  in  analogy  to  AF-380.  However,  the  two  octupolar  dyes 
do  not  appear  to  share  common  spectral  features,  except  for 
the  first  band  with  the  maximum  at  3.15  eV  observed  in  THF 
(cf.  Figures  3  and  6).  The  first  transition  is  predicted  to  be  an 
ICT  state  with  an  excitation  energy  of  2.94  eV,  in  reasonable 
agreement  with  experiment.  The  corresponding  oscillator  strength 
of  3.2  is  significantly  larger  than  the  value  of  2.4  obtained  from 
thw  as  measured  on  the  low-energy  side  in  THF  due  to  the 
overlapping  of  first  and  second  band  envelopes  (see  Figure  6). 
The  band  overlapping  results  in  a  slight  blue-shift  from 
excitation  energy  in  the  spectral  maximum  for  the  first  band 
using  the  sum  of  Gaussian  expression  (see  Table  2),  which  gives 
a  reasonable  estimate  (1.90  x  105)  for  the  first  emax  as  compared 
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Figure  7.  Molecular  orbital  diagrams  for  AF-270,  AF-295,  and,AF-350.  Solid  arrows  denote  the  major  one-electron  excitations. 


to  the  experiment.  Note  that  the  present  experimental  extinction 
coefficient  and  the  oscillator  strength  in  THF  are  in  good 
agreement  with  values  from  Rumi  and  Perry52  but  significantly 
smaller  than  values  obtained  by  digitization  of  the  spectra 
reported  by  He  et  al.17’18  Again,  our  estimate  of  the  extinction 
coefficients  of  about  3  times  that  of  AF-270  seems  reasonable 
in  view  of  the  structural  relationship  of  AF-350  to  AF-270.  In 
the  higher  energy  region  of  the  spectrum,  there  are  noticeable 
differences  between  the  two  short-  and  long-arm  chromophores. 
While  the  second  band  of  AF-380  in  THF  is  broad  with  a 
maximum  at  3.87  eV,  for  AF-350,  it  is  red-shifted  to  3.56  eV. 
The  0.3  eV  shift  observed  in  THF  is  consistent  with  the 
predicted  shift  of  0.2  eV. 

AF-450,  AF-455,  and  AF-457.  The  AF-45X  chromophores 
have  three  diphenylaminofluorenyl  groups  connected  to  the 
central  1,3,5-triazabenzene  core  with  different  alkyl  groups 
attached  to  the  fluorene  units  (Figure  2).  In  THF,  the  OPA 
absorption  spectra  (Figure  8)  of  these  chromophores  are  similar 
with  broad  maxima  at  about  3.0  eV  for  the  first  band.15  A 
maximum  at  2.97  eV  from  a  spectrum  taken  in  hexane  for 
AF455  (R  =  3,7-dimethyloctyl)  is  slightly  red-shifted.22  The 
spectrum  also  revealed  an  additional  peak  slightly  higher  in 
energy.  In  the  calculations,  we  consider  two  triazine-based 
chromophores  with  different  side  chains.  AF-457  has  two  prop- 
2-enyl  side  chains  while  AF-450  and  AF-455  have  the  long 
linear  and  branched  decyl  side  chains,  respectively.  These  long 
alkyl  side  chains  are  modeled  by  propyl  groups.  The  first  excited 
states  of  AF-457  and  AF-450  (propyl  analog)  are  predicted  to 
occur  at  about  2.9  eV,  in  good  agreement  with  experiment.  The 
total  predicted  oscillator  strengths  of  about  2.4  for  the  doubly 


degenerate  transitions  of  these  systems  are  slightly  larger  than 
our  corresponding  experimental  values  (1.9— 2.0),  which  are 
smaller  than  values  obtained  from  the  digitization  of  the  spectra15 
in  the  same  solvent.  Note  that  these  doubly  degenerate  first 
excited  states  are  predicted  to  be  nearly  degenerate  with  three 
other  transitions.  These  weakly  allowed  bands  at  slightly  higher 
energy  might  explain  an  additional  peak  observed  in  hexane.22 
A  solvatochroism  study  of  AF45522  also  indicated  an  ICT 
character  of  the  first  excited  state.  TDDFT  results  appear  to 
confirm  the  experimental  findings.  The  MO  diagrams  (Figure 
9)  illustrate  the  ICT  characteristic  for  the  first  and  second  excited 
states.  Note  that  the  first  ICT  transitions  are  made  up  of  the 
HOMO  and  the  nearby  degenerate  HOMO-1,  in  contrast  to 
simple  HOMO— LUMO  one-electron  transitions  found  in  other 
AF-X  molecules.  Because  of  the  near  planar  structure  with  C3 
symmetry,  these  systems  do  not  have  significant  net  dipoles  in 
the  ground  (0.04  D  for  AF-457)  and  first  excited  (1.03  for 
AF457)  states.  The  angle  (69°)  between  transition  dipole  and 
the  dipole  difference  is  also  not  optimal  for  TPA.  However, 
the  couplings  of  the  first  excited  state  with  nearby  transitions 
is  likely  responsible  for  the  observed  TPA.15 

AF-459-2.  Finally  we  consider  AF-459-2,  a  planar  molecule 
with  a  verified  Cy,  symmetry,  which  is  predicted  to  have  the 
So- Si  transition  at  3.23  eV  from  the  ground  A'  to  the  first  1E/ 
excited  state.  This  is  a  strongly  allowed  transition  with  the 
combined  /  larger  than  4.  The  next  higher  transition  (So- S2) 
is  predicted  to  occur  at  about  3.4  eV  with  A'  symmetry,  which 
is  symmetry-forbidden  in  the  OPA  selection  rule  but  might  have 
significant  TPA  intensity.  Another  notable  feature  in  the  AF- 
459-2  is  the  reduction  in  intensity  of  the  higher  energy  transitions 
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Figure  8.  Experimental  (in  THF,  solid)  and  computed  (dash)  OPA 
spectra  of  AF-450  (a,  using  fwhm  =  0.45  eV  for  Si)  and  AF-457  (b, 
using  fwhm  =  0.45  eV  for  Si  and  fwhm  =  0.81  eV  for  S?- S„). 

as  compared  to  AF-380  in  the  same  region  of  the  OPA  spectrum. 
In  accordance  with  these  predictions,  the  first  maximum  in  the 
OPA  spectrum  of  AF-459-2  is  observed  at  3.20  eV  with  emax 
of  2.46  x  105  L-mol_1-cm_1  and  /  =  3.33.  Thus,  the  second 
observed  band  (at  3.37  eV)  is  assigned  to  a  vibrational 
progression.  Another  distinguishing  feature  that  is  verified  in 
the  observed  spectrum  is  the  weakness  of  the  higher  energy 
transitions.  The  second  peak  at  3.88  eV  (6max  of  4.14  x  104 
L'mol_1"cm_1)  is  assigned  to  the  third  *E'  state  with  the  pre¬ 
dicted  excitation  3.84  eV  and  emax  of  4.23  x  104  L"mol_1,cm_1. 
Because  transitions  higher  than  4.01  eV  were  not  computed, 
no  assignment  can  be  made  for  a  third  band.  The  tail  in  the 
simulated  spectrum  (Figure  10)  reflects  the  lack  of  data  beyond 
4.01  eV. 

Summary  and  Conclusions 

In  summary,  the  OPA  spectra  of  the  dipolar  AF-270  and  AF- 
240  are  similar  but  differ  markedly  from  those  of  the  quadru- 
polar  (i.e.,  AF-287,  AF-295)  and  octupolar  (i.e.,  AF-350,  AF- 
380)  congeners.  All  chromophores  possess  broad  and  intense 


absorption  bands.  Except  for  AF-389,  the  order  of  excitation 
energies  of  their  absorption  bands  is  dipolar  >  quadrupolar  > 
octupolar.  This  ordering  is  reversed  for  absorption  intensities. 
These  trends  are  common  features  in  the  two  series  with 
different  conjugation  lengths.  Experiment  and  theory  concur  in 
this  regard.  The  observed  red-shifts  in  the  multi-branched 
molecules  are  attributed  to  the  stabilization  of  the  LUMOs  while 
the  increased  absorption  intensities  are  attributed  to  electronic 
delocalization.  However,  a  design  for  extending  the  conjugation 
length  in  AF-270,  AF-295,  and  AF-350  by  adding  phenyl  rings 
to  AF240,  AF-287,  and  AF380,  respectively,  does  not  produce 
significant  changes  in  intensity  for  the  first  excited  state  due  to 
the  limited  delocalization  over  the  added  phenyls.  TDDFT 
calculations  on  AF-240  predict  three  jz—jz*  transitions  at 
energies  <4  eV  with  an  increase  in  the  number  of  transitions 
for  the  quadrupolar  and  octupolar  systems.  Computations  also 
indicate  that  two  transitions  underlie  the  lowest  energy  bands 
of  the  quadrupolar  and  octupolar  systems  whereas  only  one  is 
predicted  to  underlie  the  corresponding  band  in  the  dipolar 
systems.  No  experimental  estimates  of  the  dipole  moment  (fi) 
of  the  ground  state  and  excited  state  exist.  The  ground-state 
dipole  moment  varies  as  AF-240  (1.7  D)  >  AF-287  (1.4)  > 
AF-380  (0.6  D);  AF-270  (1.5  D)  >  AF-295  (1.3)  >  AF-350 
(0.1  D).  The  one-  and  two-branched  compounds  are  predicted 
to  be  highly  polar,  with  the  first  transition  accompanied  by  large 
A/(.  Thus,  the  first  excited  states  have  ICT  characteristics.  The 
excited  state  ICT  dipole  moment  varies  as  AF-240  (19.8  D)  > 
AF-287  (9.1  D)  >  AF-380  (1.9  D);  AF-270  (32.1  D)  >  AF- 
295  (14.5)  >  AF-350  (1.8  D).  For  the  three-branched  chro¬ 
mophores,  the  near  C 3*  symmetry  greatly  alters  the  polarities 
of  the  various  electronic  states  and  preludes  the  pure  doubly 
degenerate  Si  electronic  state  assignments  due  to  their  near 
degeneracy  with  other  states.  Experimental  spectral  data  are 
supportive  of  the  conclusion  of  more  than  one  transition  in  the 
lowest  energy  band  envelope  of  the  quadrupolar  and  octupolar 
chromophores.  The  TPA  strength  of  DA  chromophores  can  often 
be  reasonably  estimated  by  a  two-state  approximation,  in  which 
the  TPA  cross-section  is  proportional  to  the  square  of  the  A /< 
between  ground  state  and  first  excited  state.  Thus,  based  on 
the  above  values  AF-270  is  expected  to  exhibit  strong  TPA  in 
to  the  first  excited  state.  However,  a  quantitative  treatment  for 
TPA  may  involve  additional  states  in  the  SOS  expression  and 
functionals  with  the  correct  —Hr  long-range  behavior,  which 
are  currently  under  investigation. 

Computations  using  TDDFT  with  the  PBE0  functional  for 
the  series  of  fluorene-based  D— n—  A  chromophores  consistently 
underestimate  the  excitation  energies,  with  a  mean  deviation 
of  0.16  eV  for  the  first  ICT  bands  in  THF.  Although  PBE0  is 
generally  well  correlated  with  experiment,  there  are  some  large 
deviations.  The  largest  deviation  of  0.27  eV  for  AF-295  can  be 
attributed  to  spectral  broadening  due  to  the  convolution  of  a 
nearby  electronic  transition  and,  to  a  lesser  degree,  effects  of 
solvent.  Direct  quantitative  comparison  with  experimental 
oscillator  strengths  is  not  straightforward  due  to  spectral 
broadening  and  band  overlapping,  which  results  in  the  lack  of 
accurate  absolute  experimental  values  that  can  be  assigned  to 
individual  electronic  transitions.  As  noted,  good  agreement  is 
observed  in  some  cases.  The  computed  and  new  experimental 
results  help  in  resolving  discordant  experimental  oscillator 
strengths  in  some  cases,  for  example,  AF-380,  AF350,  AF-270, 
and  AF-295. 
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Figure  9.  Molecular  orbital  diagrams  for  AF-450  andAF-457.  Solid  and  broken  arrows  denote  the  major  and  minor  one-electron  excitations. 
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Figure  10.  Experimental  (in  THF,  solid)  and  computed  (dash,  using 
fwhm  =  0.37  eV  for  Sj— Sn)  OPA  spectra  of  AF-459-2. 

Finally,  linear  response  TDDFT  calculations  predicted  that 
the  new  AF-459-2  should  absorb  very  strongly  with  first  band 
maximum  at  3.23  eV,  and  that  absorption  should  be  weak  in 
the  higher  energy  region.  These  predictions  were  confirmed  by 
the  synthesis  and  spectral  characterization  work.  Second-order 


response  TDDFT  calculations  are  currently  being  carried  out 
to  obtain  TPA  cross-sections  for  these  systems.  The  results  will 
be  reported  in  a  future  publication. 
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